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S'JM__A_RY

The apparatus used in this investigation permits the Asola-

tion of piston smd ring friction from total engine friction under

actual operating condltimLs+ Friction work h_s been measured

for various -oiston ring combinations and cylinder surfaces, The

effect of scuffing and excess cylin_er-w_ll lubrication on pis-

ton and ring friction is reported, a_ud a careful analysis of the

changes in friction work dnring the _'+ur_.inper_od is presented+

A new technique for obtaln!ng photomicrographs of curved s-_r-

faces has been used to m,+J=evisual co_.:'isons of cylinder-wall

rou_h_ness. A d_vice for z_,st_rlng dlaaetral ring ten_ions and

an apparatus for transformi_< pressure-crank ancle indicator dia-

grams into pressurc-volune In_Licator diagram_ are described.

T_TTRD DU 3T ION

The work described in this r_ocrt is a continuation of the

work of Forbes ozqd Taylor (reference 1), who b:dlt _.n apparatus

nx_d devised a mct'.+cd for ivolatizg pistcn _ud ring friction from

other ferns of e_ine frictlon_

The wor'= r_iDortcd _n reference i consisted mainly of the

dove],ghent of a rc_n_b_.y sat'-_f_.cto:y acpzr_.tus_ but produced

or_ly prc7 iuinnry re_:_ tc _n bhe _.,-yof f:-ic_: o:: d_t_ao The mater-

ial prc_c:_,_ei he!'e_,ith ,!e_cribos f'.trthcr imp-ovemcnt of the ap--

par?.tus and the +-e_'_t_ :,f test rtu%s on a zn_nber of different

piston and ring eomblnation_e

In addition to the wo_-k dezcribed herein and in reference I,

the _-_orkof Tischbein (reference 2) in Gorm_z_y, s_ud R_wkes and
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K-.rdy (reference 3), in E_l%nd, m_.yb_.mentioned, The _ppn.r_.tus
used by Tischboin :._s similar to t!_.t to be described in this
report, insof-_r as the friction2_l drag of the piston rings w_.s
m_sured by the deflection of a flexibly mounted cylinder, h_t
differed by having a cross head which n.llowed the piston to move
without touching the cylinder _lls _md thereby permitted the
measurementof ring friction onlyo The apparatus of Ha'_es __nd
Hardy w_.salso in the s_o c_.tc_,_o_T,e_ccep_th-_t the piston _ms
flexibly mounted and the cylinder slecw w_s c_.usedto oscill2.te.
Although Ha_<cs [,nd Hardy did not cmplol- a cross ho,-.d,they statc

th-.t the clear_l_ce betwc<_n the piston _-_ud slc,'.vc was such that

values of friction mcasurcd without the rings wore ncg].igibleo

Essenti._.lly then, this apparatus 8.1so mcc_ared ring friction only.

However, those app_.ratus were sL__itable only for measuring

piston ring friction under nonfiring conditions. As far as the

authors h_ve been able to ascertain, the app_matus described

hcreln is the only one :_dch permits piston and ring friction to

be measured in #m actual engine under firir.g conditionso

This investig_.tion, conducted at the M_ssachusetts Insti-

tutc of TechnoloE_y: w_-s sponsored by _md conducted with the fi-

n_.uci_l assistam.co of the Nation,-/ Advisory Committee for

Aeronautic s.

The authors are indebted to Mr. JoIuu Markell, who contrib-

uted substanti__lly to the improvement of the ._.pp(__ratus;to

Professors Ee S_ Ta$-lor _md C@ F. T_jlor, whoso _.dvico and crit-

icism were fre_ent, ly solicited, emd to the members of a speci_.l

panel representing the aircr_.ft in_.'astrv and the ._LICA.

OBJECT OF TESTS

The object of the tests reported here_dth was t_.mfold,

nam ely:

I. To determine the effect of piston-ring "s_Affing" on

the piston-friction versus time diagram.

. To study the piston-friction versus time dizgr_nm,

particularly during the _--in perioS, for the

following combinations:



Aluminum, automotive, and alrcr?_ft t:qocs

C_fllnder s]oeve m?.tcri-i

Steel, &_E hlhO

Piston rings

Automotive e.nd aircro_ft types

Straight and tapered f__ce

High and low tension

AYPAIK'.TJS

The engine used by Forbes em.d Taylor is fully described

in reference l, but for convenience a brief description will

be given heree Two sectional views of the engine are show_ in

figure i,

The engine consisted of a st:,md-_rd C_R crankcase on which

a special cylinder snd cylinder h_& were mounted, The bore of

the engine was _ inches, the s%:oke b,[-inches, and the com-

pression ratio 5.05, A shorter coLnecting rod, S inches long,

_.s substituted for the stnndar_ 10-iLch CFP. connecting rode

i

The cyllndor sleeve (i) _ns held lu position by two annul_m

steel diaphra_#ns (2)_ el_mpod to the outer cylinder by mcans of

the cylinder he_d (5) at the ugper _d and the steel plato (_)

at the lower ende

The cylinder head closed the combustion chmmber by me,-m.s

of c.piston-sl_"_ed section ,:_ich fitted closely, but did not

touch, the cylinder sleeve, A series of grooves machined in
this section re'reed 9 labj'rlnth so_l (6) which reduced the le_.k-

_c of guscs from the cylinder, This cylinder he-.d _lill bc re-

ferred to in t.his report as "no, 1 cylinder h_".d",

T_.m spark plug wells (7) ,_nd _" :roll cont-.ining an optic_.l

lever (S) wore se_.led off from the jacket cooling water b_r me_ns

L
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of flexible neoprene seals (9)o L_-k--off .holes (I0) dril!cl in
l_o the s:)_.ce (12) above the 6i_.-the side of the cylinder ho_.d "_-_

p:'.re.J_took ce]:c of ges e-_.doil lc?.kagc through the lp.byrinth

ec.d c.ssured _tmosphoric preszuro on the upper diap2tr_,

Gas lem_k.e_/o_:as minimized by p_zping ell into the le.b:Tinth

t?_rough _ duct (ll) leading t1_-rollgllthe top of thc cylinder he'de

The oil then passed out the l_o-k-off holes and to the oil rose-_-

voir, except for a smell amount which lee/<ed into thc combustion

cP_Jnber_ The oil v_.s supplied to the hc_.d at _.bout 50 po_unds

_or square inch pressure, and w_.s of the seine t_e _.s the ell

used in the crn.nkcesco

A bc_-_mof lijht, ti'_o_m_ on the z_irror (g), _,_.sreflected

onto _ephotogr,_:p;'-ic film wPdch movecl -.t right -.ngles to the

_iston notion, Thus, as the sloQvo _.s pulled up -.ud do_z on

the flexible _ie.i)hragms by the friction force of the moving

pi._ton, _ _ve form _.s L_Gressod on the film. The v_.ve form

providc_i -.ne_-s of determini_ piston friction _undcr _ctunl

op _rat i._ conditions.

The clee.r_-_ucobet_._ecn the c:_!inder h_.d _r.d the sleeve

_.s a_e_ll enough (not more them O,OO1 it.oh on the r_-zlius) to

prevent -..mysignific_.nt lobs of proszure in the cylinder, It

v_.s very difficult to center the cylln'ior ho_.d in tLe sleeve

_,__ththis degree of accur_.cy, end consider_.ble time v_.s involved

in securing thc oropcr _alincmcnt_ l_ith no, I cylinder heed it

w_.s _l_m__s ncccss_.ry to z'._/<c_. check z-an to determine ,,hcthor

or not the hce_i vm.s touc1"_ing the sleeve. _._oenconte_:t existed,

sticki-_ occurred, e_ud the friction records were not rcli._.blc.

In an attempt to eliminate or _.t least diminish sticking,

in the case ef actu_-i conte.ct, Forbes e_nd Taylor tried lec.(!-

plating the cylinder head. _is proccd'cme also allowed cor.-

sidcrablc cor_trol over the cle_mezcc_ Lh_t the rc_alts only

tended to co_irm thc impression t['_.tif there _s _my contact

w_hatever between sleeve ,_nd cylinder hoe.d, the results were

unreliable,

As s. fttrthcr prec2.ution age.inst sleeve-sticking, the cyl-

inder hce.d wss kept at low tcnporaturc_ in order to minimize

thernel c:_.-msion, b:" circ-_l_ting to.p _m.tcr throtu:h thc ho._cl

indc?cndently of the cylinder cooli._i;.syst_ _.,
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No, I cylinder _eed _._sused in the present test pro-
Fr_J_te detennine the effect of ring scuffi_g on piston fric-
tion, but at the co,.plot[on of these runs it wasdecided to
redesign the he_.din order to overcome its shortcomings,

_ne difficulty encotmtercd in centering the head with the
sle_,ve _.s sliming.ted by constructing a now he_d embodyinga
set of Junk.rings (see i'igso 2 c_nd3)@ TPds head will be re-
ferred to hereafter as "cylinder head no, 2", The asse:_bly
consisted of four contlm_ous (unsplit) rings, A, held in place

by four spacers, B, C, D, E, the bottom spacer B serving _lso

e s a ring nut for holding the assa_bly in place, Both rings

and spacers were ::_de from mild steel, ."_neJunk rings wcro
machined to fit the sleeve with the s._me radial clearance as

the original hee.d, that is, not more than O,OO1 inch, but were

free to move radially in the spacers a distance of about 0,014

inch, This fre._dcn of ra_i_-.l movement _nllowod the Jur_k rings

to center thansclvos _n the sleeve re_-rdloss of ar_v nisalino-

nent between he_d and{ sleeve, The radls.l clear,_nee between

spacer rings end sleets was 0,005 inc-h, which wa_ also more

than sufficient te _low for ar_, mlsolincmont between head

_.d sleeve (see fig, 3),

The spacer ring C was grooved circunferentielly inside

e.nd out, and drilled with eight ralio! holes, These grooves

end holes allowed the passsgo of an oil strc_nn which was fed

into the head through a duct sinil__r to th-.t shown at (ll)

in figure I, The oil was _"applied at the rate of nbeut _O

drops per minute by me_.ns of a Bosch fuel-injection pump, ro-

te.ted at slow speed by an electric motor. The ell provided

a film which helped to close the cla_.rance space between

the rings and sleeve, thereby roduci._ gas pressure leakage

es well as providing lubrication,

The ell supply to this new heo.d was critic_l, and only

o.fter consider_.ble expcri:_entation _-_.sthe correct oil flow

dctermined_ _hen the oil flow ,_as too large, soot and gun

forncd on the jtutk rings _m.d in the combustion chamber, and

_.,h_uthe oil flow :_s too s_ll, a large volu_ue of combustion

products loq:ed by, covering the jurl_ rings with cn.rbon. In

either case tms_.tisfactory operation resulted, Aside from

soot and _n fo_-nation in the combustion c.h_ber, _n cxccs_

of he_d oil .ha_dthe addition2.1 disn_Iv_mtage of c.hanging the

c_uuractcrlstics of the oil film en the cylinder w_lls, In

some of the a-_rlicr runs, r_de under conditions of excess
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head oil feed, an increase in the crankcase oil level was

observed after tanning, showing t_t some of the heed ell

_d worked its we_ past the piston _d down the cyllndcr

walls to the crankcaseo These rttns wore later repeated u_-

ing the correct oil feed,

ML_suremonts r_ade on the quantity of oil in the head-

ell supply tank beforc st_-rting a r_m_ e_d after a ran, cor_-

pared with the ho_d-oll Io_k-off end crankcase contents before

and after the run, showed that when the head-oil flow was

correctly _dJu_ted, no neasur(_ble af_ntity of ell made its

wej past the piston to the cr_kc_so, although a _nall _notu t

_s either burned or blown out with the exhaust, Therefore,

it is believed that the normal film lubrication cP_ractorls-

tics between piston ea_d cyllndcr sleeve were not upset by the

he_d--oll supply, Additlon_l dat_ to support this belief is

prcsented latoro

After the correct u_oge of this new head and oil system

lu_d been determined, excellent perfol_n(_nce was realized,

In the original apparotus of reference l, a fil_ speed

of 25 inches per second was used, _uis meant that, with a

reel-capacity of lO0 feet of film, continuous records could

be taken over a period of 4g seconds only. In order to m_=e

it possible to take continuous records over extended periods

of tin, (up to i hour with IOO ft of film), a slow-speed film

drive (O_295 in, per sec,) was added, By this me,ms it w_s

hoped th_ut any c.h_ngo in friction c_racteristics could be

correlated with opcratirk_ conditions by comparing the time

sequence of the events on the record with the sequence of

events entered in the log book,

A short length of a continuou_ slo_-speed record is

sho_% in figaro _,

It s_'_uld be noted that the slo_speed records show

only the _axlzum _litude of the friction cy=le, This means

th_eotthese records were useful in showing when a change in

the friction cycle took pleze, but t!_t this cb_.nge was not

necessarily indicative of _.change in the work of friction_

Thus _ increase in the nnpllt_de of the record night be @de

siz_oly to a more pronounced excitation of the sleeve at its

nature.l frequency rather tb_m to any increase in friction work,

This increased a_plitudo could, of course, be associated with



ring scuffing _rj comparing record, rings and log book after
t'._o run,

It w,.s considcred desirable, when taking such lor4_ slo_._.

speed records of run-in conditions, to have occasional s_rt

hig.h-spe.?d "shots" for the purpose of corrputing friction worke

Accordingly, the drive system for the cat,era w_.s improved to

allow for t-king .high- or lo_.speed records at willo

The slo_._-spced motor w_..sconnected to the c_aera drive

by means of a chain sz_d sprockoto The sprocket w?.s token from

a bicycle hub and contained ,-.r_tchet and p_.wl system, the

pawls being connected to the sprocket and the hub formi_ng the

ratchet _vumo The r_.tcl-ot drum was connected to the camera

drive,

During slow-speed operation, the pawls er_p_/ed the ratchet

drum and rotated the co.mera drive slo_:ly, The high-speed corn-

era motor was connected throu_,, a friction clutch directly to

the ratchet drum e stud when the clutch was _ug_ed the ratchet

drum overrode the pawls and turned the camera drive at high

speed, The friction clutch on the _dC_,-speed drive wP.s en-

gaged by zooms of a solenoid opczatod by a switch on the con-

trol boarde

The position of top center was registered on the hlg_h-

speed records by moe.ns of a neon flP.sh bulb locP.ted behirxl P.

slit in the c._.uera box and operP.ted by e. set of brc._l:cr points

on the c_.ms.-haft, These breaker _ooints closed the l_'_p circuit

at P.pproximately tol_ center I at the boginnir_g of the pewor

stroke every cycle _nd i_pressod a vertic_.l line on the film,

Since top center marks were desir'folc only when t._.king _high-

speed records I the Is:ap_circuit _.s placed in series with the

switch which opcr_.tcd thc solenoi_ on the ._dgh-specd c._ucr.-.,

One dis-_xlvant._/e of the recording systcu t_e.sthat it was

always necessary to develop the film before an event could be

recognized, In order to overcome this '.'xtndicapa device for

providing a continuous vlstu-.1 record of the frlction-time cy-

cle was added to the cngine_ This dc_rlce consisted of an

electro-nao.-netic type p.honogral_h pic_.p, mounted rigidly on

the side ef the cylinder, The p:tonograph noodle was connected

_For a description of the method of locating top center

o--_ctly, see "Discussion",
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by means of a thin strip of steel to a blind plug screwed in

the spare spark plug hole (see fig. I). Oscillations of the

cylinder sleeve imparted a motion to the phonograph needle, _nd

the output was fed through an integrating circuit and pre-_umpli-

fier to a cathode-ray oscillograph where the wave form could

be continuously observed_ A certain _mount of extraneous mech-

anical vibration was talzen up by the pickup unit, and an elec-

trical disturbance was observed at the occurrence of spark, but

with a little experience it was an e_sy matter to correlate this
somewhat distorted wave form with the true wave form recorded

by the optical system. _Another valuable feature of the visual

system w_s that it gave an instantaneous indication as to wheth-

er or not the apparatus was working satisfactorily. Lacking

this information, a whole run might be wasted, Also the visual

system was of assistance in determining the correct oil supply
for the new head@

As experience was gained with the visual system and a

"feel" was acquired, the need for the lOG-foot slo_-speed

records was practically elimir_ted. Nevertheless, the slow-

speed records were continued for the duration of these test_e

Another addition made to the original apparatus was a

gas meter which was connected to the crankcase breather pipe

in order to measure blow-bye Precautions were taken to make

the crankcase otherwise airtight. A 50-gallon surge tank was
inserted in the line between the crankcase breather s.nd the

gas meter.

In preliminary work with the friction apparatus, it _s

noted that the zero, or equilibrium, position of the light

spot on the film was not fixed but wried somewhat with oper-

ating conditions. It was suspected that this v_.riatlon might

be caused by air or steam bubbles forming in the annular

groove in the upper diaphragm, thus preventing uniform con-
tact of the coolir_ water with all parts of the diaphr_=m

surface. In order to offset any such tendency, two small

diametrically opposite holes were drilled into the side of
th_ diaphragm ,dth their axes on the same level as the top

of the diaphra@m groove, The holes were connected by means

of neoprene a_nd glass tubing to the header t_J_k in the cool-

ing system. Although occasior_al bubbles were observed flow-

ing through the tubes when the engine was firing, no marked

decrease in the variation of zero position was noticed.



PROCEDURE

Scuffing Tests

The combi.nation used in the scuffing tests was a cylin-

der sleeve made from SAE I!140 stecl (designated as "sleeve no.

i"), an aluminum pistor (desi_ated as _piston no. 2:'), and
n.utomotive-type cast-iron piston rings (see fig. 5). The pis-

ton rings were supi_liod by the Perfect Circle Company and con-
sisted of st_ndard stock sizes. The ring _±secifications were

as follows:

Groove No. x

i

2

3

5

Manufacturerls designation

_o. _0, _" x _"

_o. To, 3¼" x _"

"¢o. 70, _ x I'"

No. sS, 3¼" x I_"

_:o. _5, 3¼" x ,_"

In order to simplify the procedure, preliminary tests to
determine how to create scuffing were made with the engine _mo-

toring", cylinder head removed. A promising wkv to accomplish
this seemed to be to dilute the lubric_mt on the cylinder walls

by introducir_ kerosene into the cylinder. To this end kerosene

w_s squirted on the cylinder _lls _ile motorir_ the engine.
The attempt failed, howevero It _os then decided to use ethyl-

ene glycol in the same manner, since it is known that ring
scuffing results in service cnginoz when this coolant leaks

into the cylinders_ But this alterr2_tive proved no more suc-

cessful tha_u the preceding one.

It has also been noticed in this laboratory that severe

detonation in air-cooled cylinders at high mea_n-effective

pressures (above 200 Ib per sq in,) is a contributing cause

of ring scuffing; accordingly the cylinder head was replaced,

IPiston grooves are numbered from top to bottom.
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the enginc fircd, and severc dctonation induccd over short DcriJds

by moans of ct._@,lnitrite mixed with the inlet air: but no scuffing

_,_,s produced. The engine _s then ceused to dctonate severely for

_3)out an hour by using kerosene as fuel_ but ,_ithout effect, prob-

ably because the moan effective pressuL'e of the engine (S0 lb per

sq in@) was too Io_.;_

The cylinder sleeve _.m.s then removed, thoroughly cleaned, and

placed in a water spray for _ hours for the purpose of roughening

the surface by rustingo The rust did not form uniformly on thc _ar-

face, but :2s ch2racterizcd by long stres_<s of a soft, powdery cor_-

sistcncyo '_ncn thcse streets were rubbcd off, innumerable small

)its wcrc found underneath, The r)u6j_cned sleeve was replaced c_d

the engine fired at 1S00 rpm for 2 hours, but with negative results

as to scuffingo

Finally the engine w_s fired T._IIc a liberal quantity of ethyl-

one glycol _.s introduced into the inlet pipe. This procedure pro-

ducod the desired result, and the record obtsincd (see figo 13(i))

sho_red that the a_oaratus was indeed sensitive to scuffingo (Com-

pare _:ith record for operation under the snlnc conditions, but ulth-

out ethylene glycol, fig@ 13(h),) The operating conditions for the

scuffing runs arc _mmorizod in table l.

Run-In Test s

The remainder of the cxpcrimcntal progrzm was devoted to a

study of the friction c_racteristics of v2rious combinations of

aircraft-type piston rings under a fi_od set of operating condi-

tions. The olston rings wcre m_dc especially for these tests by

the Perfect Circle Company.

The ring combinations selectcd uere:

High tension, straigj-t face, com-

pression rings (sec fig. 6)

Low tension, strai_%t face, cor_-

prcssion rings (see fig. 7)

High tension, tapered f2me, co_-

pression rin_s (sec fig. S)

Lo_.:tension, t.-_ercd face, co_.:-

prcssion rings (sco fie_, 9)

The s_o type

of scr_v)cr

rings _s
used in all

these tests

(see fig, i0)
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All piston rings were factory lapped either to full or line con-

tact, depending on whether they were strai_ht faced or tapered,

A new cylinder sleeve machined from SAE 4140 steel (desig-

nated hereafter as "sleeve no. 2") mud _m aluminum alloy piston

(designated hereafter as "piston no, 4 ") were used in these tans,

The piston (see fig, ll) _as similar to the one used in the

scuffing tests_ _vlng four ring_groovcs _bovo the wrist pin and

one groove below the pin at the bottom of the piston, The spac.-

ing and width of the grooves differc_l from those of the piston

used in the scuffing tests t _m'.:ovore A compression ring _s ply.cod

in each of the upper three grooves_ ,rod scraper rings were placed

in the lower two grooves_ This arr-_ugomcnt corre_ponds to current

_drcraft pr_tice, This piston was & mo4Afie_ vQr_om of a _Ign

developed by the Et.hyl Gasoline Corporation Research Laboratorlos,

who willingly supplied the drawings and castings, The mac[tining

of the piston was done by the Perfect Circle Company.

The rings were of cast iron of uniform composition consist-

ing of:

Tot_ carbon

Silicon

Sulphnr

Phosphorous

M _ngan ose

Molybdenum

Chromium

Copper

Hardness, Rockwell D

3, 50-5,_0 percent

2, 20-3,10 percent

Oo!O max, percent

O, 15-_9._O percent

O,_-O. SO percent

O, 5C-0,70 percent

O, _'_3-O,[!O percent

0.50-0.73 (according to

soctlon)

50

The ring tensions, t_zt is, di_metral tensions, were meas-

ured by means of an inst_-_mcnt especi._lly constructed for this

purpose. This instrument is shown in figure 12, and is described

in appendix A, _y dlametral tension is meant th_.t force which

when applied across the diamcter of the ring at right anglos to

the gap will be just sufficient to close thc gap to that clear-

once which exists when the ring is i_ the cylinder, cold.

Measurements of ring tensions end gap clo_?r_nces, as well

as groove clearances, were made before and _Iter each run, but

changes in the latter _ere too small to bc significant daring

the relatively short running periods of t.hh_-e tests,
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The lubricating ell used in all runs of this group was SAZ 20

(Texaco, aircraft type) obtained from a single barrel which was k_pt
tightly sealed at all times when not in use. The oil barrel _ras

mounted on trtmnions and agitated thoroug!Lly before oil was t_kon
from ito

Each run was _ivided into two ports, designated A and _. Part

A consisted of a run of about 1 b_ur duration during which a con-

tinuous 100-foot record w_s taken at slow film speed (with occasional

._lg_h_speedshots), This part covered the first pl'_se of the run-in
period,

Before starting each 1-hour run, the cylinder sleeve was 12ivpcd
50 strokes (25 cycles) with turning motion, An old aluminum piston

nJ_d cast iron rings, smeared with nee 600 lapping compound, wore

used for this purpose, The reason for the In@ping was to insure

t_hat each run would be started with the cylinder sleeve surf2oCO as

nearly as possible the same in every case, After lapping, the cyl-

inder wn.s thoroug.hly cleaned by flushing with nV_rsol 't,and a survey

of the surface roug_mess _'s m_de with a profilometero In making

t._uissurvey the tracer _s moved along the _arface longitudin2.11y

only, that is, in the direction of piston motion. A lacquer speci-

men of the cylinder surface w_.s then procured by p_.intlng a small

area of the _arface with "Protectol" nee 2g brushing lacquer, This

l_.cquer is quick drying and _ran_arent, and c_u be readily peeled

off the surface in one sheet when dry, The side of the lacquer

sheet in contact _rlth the surface carried a presumably true impres-

sion of the surfo.ce, and t'.ms afforded a ready means of obtaining

photogr2phic records of the cylinder surface, All photogro:p_m of

cjlindor _arface were made from these replicas, This tec_mique
wn.s suggested by the Fuels and Lubricators Division of the Aircr_.ft

Ermine Research Laboratory of the I_%CA,

m%___e cr_mkcase was then drained, all oil lines disconnected

and blo_n out with an air hose, oil pump and filter cleaned, and
the syst¢_ flushed thoroughly with kerozone, A small ._mount of

fresh oil _2.s then circulated t.hrough the system and drained off,
after whic_h the system _s filled with the requisite amount of new
oil,

The engine _s then assembled _.d a 1-hour r&u made, The

_ixed operating couditions were:

En61 ne speed
Fuel-air ratio

Spark advance

1200 rpm

best power

300
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Manifold pressure

Oil t amperature

Jacket water temperature

Cylinder head t_._pcr_ture

Inlet ni::ture temperature

Oil pressure

Lubr_ catlng oil

_.tmosphcric
i_0 o F

l_O o F

670.7 _o F
IS5 o F

4b. lb per sq in+

SAE 20 (aircraft grade)

After part A the piston and cylinder were r_uoved and mcas-

urcments takeno The ring _'faces were ex".mined under a micro-

scope for evidences of wear or scuff into _.e surf_.co of the cylinder

sleeve w_s surveyed for changes in rot'_hncss by ne_ns of the pro-

filometer, a le.cquer speci_en and photomicrograph t-_ken, cr._,nkcase

oil s._led, and the engine res.s_embled with the same rings and

_llthout lapping the s_trfaceo The lubricating oil _.s not changed+

The engine was then run continuously for 10 hours (pt, B)

under the same operating conditions .".sused in part A, end oc-

ce.sional short records at high film speed were t-%ke.n+

At the end of the lO-hour run the cylinder _-.udpiston rings

were _4_aln inspected and nea_rauents, similar to those madc ,after

the 1-hour run, were recorded.

This procedure was followed for each of the four conbinations

of rings listed before+ Condensed dmta on the tans arc given in

tables 2 to 5e A stum_ary of the _uu--in test progr_u follovme

Before stn+rting run-in tcsts
Typical surface of unused piston rings photographed, ar_d sur-

face roughness mcs.s_J_cd with _.p__'ofiloncter, in the cir-

cumfcr cntic,1 direction

Lubricati_+_.g oil sa-_Icd

Prior to each rvn

Oil system f!ushcd and refilled vrlth fresh oil (prior to I-.'_

rtuns only)

Cylinder ls.pped (prior to 1-1__r _'uns only)

Cylinder clesmed with Varsol

Lacquer sl_ecinen of cylinder surfs+co obtained and photomicro-

graphed

Measurements :

Cylinder m_rfaco finish (profiloneter)

Piston ring tension- all ri._/s

Piston rir4_ cleP.re.nce in ee.ch groove (feeler gage)

Piston ring g_+p in st_nd_.rd gs.Te
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Durin_ runs
_._iIusual readincs takeno

Continuous filn and/or occasional ]_: film-speed cycles t._ken,

Perfor:_nco checked with cathodo-rc.y oscillograph

Blow-by neasured@

Test condltions

Er._ino _pecd

Fuel-air ratio

Spark ad-¢anc o

Manifold Dr ecsure

Oil te_._perature

Jacket water temperature

Cylinder hen.d te_per_.ture

Inlet mixture temperature

Oil pressure

Duration

1200 rpn

best power

30o

atno spheric
I$0 ° F

ISO ° F

670-77 ° F

ig50 F

'4_ Ib per sq.ino

1 to I0 hours

After e2.ch run

Lacquer specincn of cylinder surface obtained and microphoto-

graphodo

Crarkcasc oil s_-upled
Measurement s:

Cylinder surface finish (profilonetcr)

Piston ring tension- all rings

Piston ri-_ clcc_a_ce in e_.ch croove (feeler g_ge)

Piston ring gap in sta_ndo-rd ge_c

F_orc£oin_ procedure followed on aircrn.ft-typ6 piston rlm_s for t_m
extremes

High tenzion, str_.ight face,

cazt iron rings runs 13A and 13_

Low tcnsion_ straight face,

ce.st iron rings runs ILiA and l_B

High tension, tapered face,

cast iron rings runs 15A and 15B

Low tension, te.pcred face,

cast iron rir_s .... rm_ l_A _ud 16B

Xftcr co:m_letlon of ran-in tests

T_ical surface of used piston rings photographed ar.d _urf_.ce

roug:mcss neasurcd with a profiloneter,
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DISCUSSION

Intorprctatlon of Friction Records

For the purpose of illustration, consider thc friction record

shown in fib_re 14(a), This trace renlly represents a record of

cylinder-sleeve displacement versus time, Three consecutive en&ino

cycles (12 strokes) are shown in this rccordo The order of events

is from left to right and the _ strokes in the first cycle (rm:.'ely,

povcr, e-_haust, suction, e.ud compression) are indicated by the let-

ters P, E, S, and C, respoctivelye _e duration of each stroke is

indicated by the vortical lines dra_n across tLe try.co. These l_nes

were drawn on the records with ink ca'tot doveloplng thrum and the

spacing _s determined by dividiug the time @aration of 1 engine

cycle into 4 equal parts. The first vortical line, farthest to the

left at the beginning of the power stroke, represents true top con-

ter and w__s drawn in _i_h inko The axact loc-.tion of this line was

determined from the second vertical line (the long one) which was

i_pressed on the film by the noon flo.sh bulb in the ce.ner_e Although
this neon bulb was made to flash cr_actly _hcn the piston roached top

center at the beginning of the power strobe, it did not necessarily

indicate the true position of top ce_:ter on the film trace becanse

the in_ge of the light spot reflected from the oscillating mirror on

the cylinder sleeve wu_.soften displa_cd slightly to the ri_.t or the
left of the axis of the ca;nora le_s_ Since it was somewhat of a nui-

sance to adjust the optic_l systo_ to overcome this spot displacauent

every t__-_ethe engine w_s t__ken _n_.rt _d rcassenbled-- which vras

often - the displacement or 11top center error" w_.s allowed to persist

and a photographic check v_s nrdc to deter._ino its magnitude, This

_as done for ee.ch record by t_J:ir_3 an _'._o of the liglht spot snd then

fl_shing the neon bulb _ile holding the filu st_tiona_z, Thcso check

images are not sho_m in the fi6_Aros, The top center error varied

slightly after each ermine overh_ul,

The records sho_,m in t.his r_oort, v_ith one or two e::ceptionss

h?.vo all been nero or less tr_.ced for the purpose of reproduction.

The published records, tY.ercforo, e:d_Ibit a rouglLuess which was non-
existent in the original neg_ivcs n;_d nest of the fine detail h_s

been lost, The tre.cing was necesso.ry bcceuse the brig_htness of the

rsflected light beo_m v_s very often diminished by condensate forning

on the inside of the lens in the nir_-or well (8) (fig. 1)e T]tis _.s

due to s_m.ll _ounts of _ter w-.por lo_:ing past the neoprene so_l

(9)- Altho_u_h this seal v,_s sn.tisfactory as far e.s actual water leak-

age _ms concerned, it w_.s difficalt to prevent nlnute quantities of

w.per from seeping throuEhe
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It will be noticed that at the beginning of each stroke, the
trac_ riscs or f_lls abru)tly, A rizing of the trp.ce indlc_.tcs
t'.m.t the sleeve is uovlng upward o_udvice versa,

The grog.test deflection of the truce occurs at the beginning
of the power stroke where it will b_ observed that the try+co fn.lls
abruptly, then rises with equal abmtptness, then falls _ain, and
finally rises slowly for the remainder of the stroke, Although thds
fluctuation at the bcginnir_ of the stl'oke actu++_llyr_prosents the
notion of the sleeve, it is not reprczcnt_.tive of the friction force
_.ctir_ on the sleeve bccP+usethe initi_l excitation ._asc_.usedthe
sleeve to oscillate at its natur?1 frcquencyo

The instanto_eous friction for_e acting would be represented by
a mo_n curve drawn bY.roughthose oscillations, In this report no at-
te_.rpt _s nndo to no, sure instantaneous friction; _ll conclusions
were drawn on the basis of friction _,ork for the cycle, In computing
friction work for the cycle, _.ll effects of natural frequency c_+ncel
out providcd the _,ork ioo_ is closoi at both ends,

At the beginrdn6" of the ox._2_st stroke the sleeve is pushed
abruptly upwards, but the natural frequency is not so prominent. By
comparing this effect with that nt the beginniug of the Dower stroke,
the effcct of pressure behind the piston ri_s becomesi:_mediatoly
evidento

Also at the begirming of thc sucticn stroke the sleeve is pulled
nioruptly do_m_rd, _ud at thc bogirr.inj of the compression stroke it
is pushed abruptly upw_rdo The _a_itudo of the displ_.ccnc_t is _bout
the samein either case _mdless t:_.r, that of the power __ndczJ_nust
strokes,

Thesephenomenanze rcpce+ted :dth excellent cyclic regularity
_'mdhence, in the rt_+s _._.-dchfollow, only si._lc cycles are sho_z,,

Conp_rison of Friction Uork for Scuffing Runs

Records of piston friction t_on during the scuffin_u runs n_c

shown in figure 13, operating conditions are given in t_.ble l_ n_od

friction work is stu_arized in to.blc 6, The _ethod used to co_-+ute

friction work is given in P_pendix B, All dat_ presented here u_

v_.ry from true voluos by a mani:_n of +_ pe_'cent (see soc. undez

Precision),
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Runs 3 and 4 wore made under conditions of norr_l combustion

-_d severe detonation respectively+ The friction rcco1"-ds are shown

in fie-ares 13(a) _-md 13(b)o The tini_._'_marks for these two runs were

recorded during the exho.ust strokes, "out in all other runs the tim-

ing 1:_rks were recorded duri__ the power strokes,

It is evident that era.altel_+tion in the friction w_.+vo forJ_ o.o-

co.-rpanios the ck?m/e in conbustion_ This alteration occurs at the

beginning of the po_mr stroke, as would be e_qoected I and ig recog-

nized as a zero pronounced excit_+tion of the sleeve at its natural

fre_iuencyo The friction wor:c for these two records is the sane s however+

Records for the motoring __ud firing runs (nos, 5 P.nd 6) made _-.fter

the sleeve had been freshly tasted pie shown in fiL'_ros 13(c) and 15(d),

These runs s.how a considerable increase _n the frictlon work over t.hnt

of runs 3 and 4e Since these four rtu_s were all.rmAo under the so,no

operating conditions (excop_ for i2ulet temperature, which was about

40 u F higher in the firs_ two runs), the increase is apparently dne

to the rusted cylinder surfacee

AIBo, the friction work for the motoring run, no, 5, is less than

t._-.tfor the firi_ rum., no, 6, as w_lld be expected. The next fir-

ing run, no+ 7, _.s made under the some conditions as run no, 6, al-

though at a 1P+ter date, and it _rlll be noticed trot the friction work

is somewhat less, This difference is probably due to the fact t.%_.t

the sleeve, which was freshly rustud in run 6, :'_d been thoroughly

ran-in by the tinc run 7 was _"_dc, _zith a consequent reduction in fric-

tiono The record fo_" run 7 is abeam in fig_ure 13(e),

The s_ue co'._clusion c_.n be drn_wn as regards runs 5 and g, _;hich

are notori_ rtu_s made under the su._e conditions, Run 5 was a-.de when

the sleeve k%d been fres_hly rusted, _.d run _ was n_de at a later _Lzte

_hen the sleeve :rid been subjected to severe/ hours I running, T.b_s

it would be erpectod t_t the friction work would be less in run Se

The record for nun S is shown in fi_m'_+e 13(f),

Run 9 v_s a continuation of thc :_toring run nee S, sad 180 cu2.

bic centimeters of et_D.lenc glycol was added to the incoming mixture

in _ kttcmpt to n_ke the piston rings scuff, The record, taken in-.

mediPtely P-ftot the et_.'$1ene glycol h2+d been added, is shown in figure

13(g)e There is no .marked change in the wave form of figure 13(g)

co_ared to that of fi&ure 13(f) , and it w?.s accordi:_gly concluded

that the rings did not souff 9ftcr the _.ddition of the oth_¢lene glycol

under motoring conditions. The friction work for run 9 is slightly

larger t['__uth2.t for run S,
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_e ignition _s then turned on Luuediately after the notori_

run to sec if the cthjlene glycol which iBd been prcviousll ° 2.deed

would cause the rings to scuff under firing conditions. The flrc-

tion work for this run, no. lO, is _.bout the sane as that for the

firing r_n, no. 7, in which the c:rlindcr wsll lubrication t_.s tuncou-

t_inat ed.

The record obtained dluring run I0 is shown in figure 13(h).

Notice that the record for run 7 (soc fig. 13(e)) is almost idcu_ti-

cal with that for run i0, except that in run lO the natur_l frequency

of the sleeve is uore pronounced, From a co_arlson of the records,

it was concluded t_2t no scuffing took place during rtun 10,

Figure 13(i) sho_m the record obtained _ile 300 cubic centi-

meters of ethylene glycol _as added to the inlet air with the

en_Ine firing (rim Ii). A radical c!_ge in the wave form is

apparent, and it will be observed t'rt the trace is no longer cxr_otly

periodic. This film records the resttlt of scuffing. When the piston

rings were removed after this r_, they were fotund to lie scuffed.

_e friction work for ran II, given in table 6, h_s two values, a

a_.d b, correspondin_ to the work for each of 2 cycles in which

the wave form w_s at varisLnce.

It is r_ther surprising to notice t._2t the friction work d'_ing

scuffing is not greater ti_.n during noz:_l _ocration (compare r_us 7,

lO, and ll), Apparently the friction work with or _dthout scsLffing

is about the s_ue.

Comp_rison of Friction _ork for Run-In Tests

The frlc_ion work associated with the v_rious piston ring com-

binations used in the run-in tests, r_us 13 to 16, is given in

t_ble _, and the friction records _re shown in ficares 14 to 17.

Figure 14(a) ahows the record t_en 6 minutes after the stilt

of run 13A when the rings (high-tension, straig_ht face) were new.

The record taken i hour a_d 5 minutes s£ter the start of this run

is sho_n at (b). The disp!accments at the bcginrdng of _ch stroke

_rc now less pronounced although the no ttorn of the cycle is siniln_

to t]_t shown at (a). The friction _rk _.s decreased by _Joout

l_ percent.
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After the cor_letion of nm 13A the cylinder, piston, K_d
rings were removedand cle_no_, then reassembled, _.d run 13B
comr,o_ced. _no record shownat (c) _,'astaken 32 minutes after
the start of run 13B anl is voiD- similar to (b) except t_t the
natural frequency effects at the bejlnnin_ of the strokcs !Lave
still further diminished. The friction work for this record is
ouly about l_ percent less t.han that of (b).

Ten hours after the start of _un 133 the friction record
.hasbeen t_en on the appoerauce shownat (d). A very subst_-u_.-
tinl increase in the natural frequency oscill_.tion at the begin-
nir_ of the po_:er stroke !_s t_ken i_lace w5.ile _Ich oscillations
at the boginni_ of the other strokes of the cycle :_vo praetico.lly
disappeared. This phenomenonis not a?.syto explain.

A glance r.t the friction records for the other ring combina-
tions used in the run-in tests (figs. 15 to 17) reveals t'_t the_e
records all follow the s_.mogeneral pattern displayed by the
records for runs 13A _nd 13B, Also _s in the case of runs 13A
and 13B the naturol frequency excito.tion does not seemto be a
function of ru_uningtime. In t_.o record shownin fis-nAro17(a)
the n2_tural frequency excitation at the start of the run is
practically nonexistent, whcroas _fter nero t:_n l0 hours' rz_.ing,
it is very much in evidence (fig. 17(d)). Apparently the only
generalization t.hat can be zade rcg_i-dlng this effect is th?t,
for any cycle, the effect is grcztcst _t the beginning of the
power stroke.

The data given in table 7 show that during the rtuu-in

period:

(a) The v_ork of friction decroc sos steadily with ru_nrd_g

time, the most r_.pid decreas0 occurring with hi_h-

tcntion, t_pered face rings.

The decrease in friction _ork with running time is

not due to a decrease i:_ ring tension, _.ich

r_u_ins essentially co_.stomt.

(c) In the c_.so of str__ight-face rings, friction work is

no _Treater for hig_h-tension than for low-tension

rin_s,

(d) In the case of t2pered-f_ce rin_Ts, friction work is

greater for high-tension t"_n for low-tension

rings.
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(e) At the end of the _-in period (about ii hours),

to.percale-face rindis give &-_aller values of friction

work ti%-m stralg.ht-faco rings,

Ecductlon in friction after cleaning _oarts. - It is of

interest to notice t!_t the friction work at the end of the 1-hour

r_m (part A) is _l_ys greater t_n the friction work at the bcjir.-

ning of the lO-hour run (p_rt B) (see table 7). It will bo rosen-

bored t!_.t after the 1-hour r_u the cylinder, piston _md rings were

removed and mcasurenents taken on surfo.ces, ring tensions, _.nd so

fortho The engine _._s then reassa_blcd with the s._mo rings, pistonD

and cylinder, and the 10-hour rtuu ccn _cnced, The cylinder surf_.co

w_.s not lapped between the l- and lO-l:o_r runs I nor was _ny other

c_.nge made except to cle_n the rir_'_s, piston, and cylinder bcforo

reassemblinge

The cleaning process consisted merely of flushing the parts

in tunleo.ded gc.solino slnco they were c.l_2.ys in excellent condition

o2ter orly _.n hour or so of runnln_,

If the piston ri_s were in2.dvcrtently stretched sufficiently

to change their di_z1ctr_.l tensions :.lhile rcnovlng or replacing

them on the piston, then some c_._mCc in friction work night be

e:_ectod, nlthough this should tend to increase the work, However,

gre_ot care _._.sused in pl_cl_g _'uudronovlng the piston rlr_s, _d

repeated checks ncde on specimen rings showed that no si_--nific_n.ut

change in di_uetro_l tension resulted from tDds procedurc_ More-

over, since at leo.st 15 Ldnutcs _.s ?11owed at the beginning of the

10-hour ran before taking the first record, and lubricating ell a_nd

jacket _.vater ,_ere aLoproxl'_tely at the sto.ndard values beforc stn.rt-

ins the engine, it _ould be e_ectcd t}_.t the oil film on the cylinder

_._lls would be normal,

mExccnt In t_.-ccase of run 14B, Before starting thls run the

cylinder was lapped in order to remove a am_ll tr_co of r_Ast which

formed on the cyllndcr w_ll ovornight_ The rusting _s duo to _atcr

w.por wl.lch condensed In the cylinder head leak-off ps.ssages during

the precedin_ run but _._asin no _/ serious, The rust mi_jht .:ell

havc boon rauoved by _.._ping v_Ith _ cloth, but it w_.s considered

safer to remove it by lo@pln__, Aftcr this occurrence the cylinder

head was al_.ys r_cved inne(ilately after conpletlng a run, The

effect of thls lapping, however, does not in any way modify the

discussion which follows_
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Hence there does not seem to be any obvious reason wh;,"this

consistent reduction in friction work occurred o_ftor the rings,

pizton, and cylinder k_d been rumored and cleaned.

Effect of excess cylinder lubrication on friction work. -
In the first tuo runs 2_de in t.his series an excess of oil was

sui_plied to the ring assembly on the cylinder head, and some of
this oil worked its _my past the piston to the cr__nkcase. AI-

thouLh these runs were rejected when this _o_asdiscovered, It

was later decided to covpute the friction work for _he runs in

order to appraise the effect of t.1"cexcess lubrication on the
cylinder walls, The runs (shown In flge 1S and designated x

_nd y, table 7) were made with the s_ue ring conblnation as

used in runs 13A and 15B (straight face, ltigh tension), but
notice that the friction work is ruch less than that for runs

13A and 13B. This fact lends ueight to the general assumption

th2.t the piston and rings operate under conditions of partial
film lubrication, Otherwise an excess of lubrication would not

reduce the friction,

Also notice that in the case of run x (and allowing for

p i_ percent cyclic variation) the friction work does not c.hnnge

significantly with time, while in tl_e case of run y a definite
Increase nay be recognized, In run x a constant head-oil flow

of i3 cubic centlneters per ninuto wn.snaint._.ined, _nd this s_-.ue
value w_.sused at the start of run y, but durlr,_ the latter run

the flow w_s cut down so th_ut when the last record was taken, only

§ cubic centimeters per minute were supplied to the head, _de

rednced flou probably brought the cylinder walls closer to the
nernol condition of lubrication with a rcsultlng incroas in fric-

tion work,

Those results further confirm the assu_uption that under nor_/

conditions the piston P_ud rir_s operate in the partial flln roglon,

It nay also be observed, as in the case of all the other runs

In this group, t.hat _fter thc rings, piston and sleeve were removed

end cleaned, there was a reduction in the friction work,

_, - Ring tensions of piston rings, used in the
run-in tests, measured before and nfter the runs, ._rcgiven in

tables 2 to _, _.o c.ha_es in ring tensions were not great, but
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rn actual incre_se in ring tensio:ts with tanning time was observed

in many cases. In other cases a _-:_ll decrease in tension was

observed with time. There does not _opeo.r to be a correlation

between the type of ring and the clu__nge in tension. The che_.go

_s probably due mostly to the effect of cylinder temperature on

intern_.l stresses in the ring rather t_u to any effects of wer r-

at least for the short running periods here considered.

G_.p cle_zceso - C_p clearances showed an increase with

ru_uning time in ell c_scs,

The c.hange in gap clear_mces for all rings was approximately

the s_ue during the 1-hour run as during the 10-hour run showing

t_t_t the apparent rate of wo_2 _s approximately ten times ms

great during the first hour of x_a_n__Ing. High and low tension,

straight and tapered face rings all showed about the same increase

with running time, but the beveled scrapers showed considerably

GTeat er increases.

Blo_-by. - Iu the case of stral_t face rings, blo_,-by w_.s

_-Toator for low tension rings t_ha_ for hig_h tension rings during

the first hour of rua_ning.

In the c_.sc of tapered face rin_s, this trend w_s reversed

during the first hour of rtuuning.

Also during this period thc str_i_J_t face rings gave 6Tearer

w_ues of blow-by than the t_pcrcd face Mi_s.

_nose deductions nay not be general bccause there w_.s con-

siderable scatter of the plotted v_Aues of blow-by, end the 1-hour

runs _llowod time for the taking of only two or t_ee neasure_:onts.

During e?_h 10-hour run many observ?.tions of blow-by were

tel:on (usually ten to twenty), although only a fc_ of these data

are shown in table_ 2 to 5_ However, all values of blo_-by for

the 10-hour rims are plotted in fic_,.re 19, where it will be

observed that the scatter is large ?zd the trends erratic.

It does not seen advisable to draw conclusions on the br.sis

of these curves bccr_Aso it _.ppears _ though some unforeseen c_r-

c_uustonce, such as the lining-up of rinc gaps duo to _ slow rotc_.

tion of the rin_s, w_s oper?oting to influence the results.
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Surface _u-_ractcristics of Piston Rir_s

Used in Scuffing-Runs

Photomicrographs of the antomotive-type piston ring surf.-oces
_-_eshownin fib-arc 20. Ficare 20(a) ahowsthe surf.__coof a new
cast iron cor_pression ring of the tz_o used in the scuffing runs,
The ln.rge horizontal d_.rk lines rcpros mt tool mn.rkswhich on the
actual ring arc Just visible to the n_-.kedeye. The light t vorti-

c-_l lines rcprcsent scratches wluich c_mot be seen with the noked

eye,

Figure 20(b) is a photonicrcgr_h of a bimil2_ ring _ftcr

manj hours of nor:_l operation. Note tlmt the tool marks rnd

scratches .have almost entirely disai_p_.rcd. The actual ri_ sur-

face has a shizy, polished appe%rnmce.

Fibre 20(c) shows a ring, of the s_me type as the other two,

w!_ch w_.s scuffed in run ll. Note the deep. gouges rmd ragced

cd_es,

SurTace _-_r_cteristics of Cylinder Sleeve

Used in lhu_-In Tests

Photomicrogrzphs of the cylinder surf._.ce replic_ token after

l%Dping arc sho_m in figure 21. The l_pi_ing n_.rks are clcn.rly

visible as the oblique crisscross lines extending from the top to

the bottom of the pictures. These lines are the result of turniz4_

t:_c l_-qopi_ piston _r_.ilemoving it in rind out of the cylinder, In

fiuuAro 21(a), __ich _hews the l_-p_ed ._arfacc before run 13A, scvor_l

heo vy, horizont_.l, dark liues nnj be ebscrved. These lines are

probably grinding n_rks _s the sleeve vm.s new at the beginning of

rim 13A. The lines do not e_pcor in _nj" of the other photoLr_i'.s

showing, probably, t_-t tho_: _.ve boon _;orn off.

A conp_risnn of these photographs indicates th%t l_.pping

produced a surfo.ce of reasonable ,m:ifornity, althcu_D% the surf_.co
zho_m ?t (c) so.us to be sonewbnt co-rsor them tho o_hers. T,.o

profilcnetcr, however, indicated t?_%t the lopped surface s-_.o_n at

(c) _.s _.ctu2.11y suoother (10 microinches average) th_n the other

lo.pped m_rfzcos (15 nicroinchos _.ver,_co).
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This dis_Teenent between vlsu_l coz_oarisonand the profile-
rioter readings nay be due to photo_T%D!_iCtechnique or to the
i_ethod of _vcraging the profilomctf;r r_.dings. The profilonctor
re,.dings v_fried over a range of about 5 rms microinches for
these surfaces, and a nental avera_;eof this w_ri_.tion _-_.strY:or.

Figure 22 shows the lapped surfaces oftcr the engine was run
for about an hour and a quarter, in cc_l: case, with different
piston ring conbin_.tions.

The oblique crisscross lines are f_.inter in these __hoto-
graphs showing t._t the l_.pplng _u._.rhshave been worn off by the
piston notion. The scr_.tchos nade by the piston and rings now
._:redomlnateand can be rccosnized ns. the series of .e_.wy_ vcrtlc_l

lines, The horizontal, dark lines c_m still be seem at (a) al-

though they are fewer _-nd less distincto

The profilonoter indicated tl_.t the lapped s_rfaces wore

worn snoother by running except in the case of ru_ 15A, The

n_vorago increase in auoothnoss _s _.beut 3 nicroinches.

No correlation h_s been established as yet between pro-

filonoter ren.dings and cylinder wear. M,_reover the prccision

of surface nec._rcncnts in t:zLs wozk w_os poor.

Figure 23 shows the condition of the sane surfaces I __ftcr

each hms bccn subjected to about 10 hours w odditlo_'__l ruz.ning.

Thcre does not appe__r to bc _ great difference between the

surface after a 1-hour run as comet.red with a lO-hour run. This

obserw.tion would soon to indicate t'__.t, after lapping, the sur-

face approaches its ultiu_te condition in about an hour's r_nnlng

time. This obscrv_tion also agrees with the measurements no.de on

plston-rlng gap clc_ar.ces.

_is noted _reviously the surf ice _.s l_.ped beg'ore st%rtlr_

run 15 B in order to remove a trace of rust, The lapping does not

_.ppe_.r to l_ve _/fected the condition of the surface _.t the end

of t.his lO-hour rtuu_
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Surface Chare.ctcrtstics of Plstcn RlnCs

Used in Rtu_-In Tests

Photomicrc_rc.!_hs of now cdrcr._.ft-type piston rim surf-zes

_.re cho_.m In fismure 24° These rings _'e all factor_'-lapped, The

surfr.ce of a str_Zght-face conpresslon rin_; is showr. _.t (c.); the

vertical lapping marks cover the cntirc surface sho_.ing that it

has been l_ppod to full contact, _is surface registers 25 micro-

inches rms on the prcfilometero

The beari..'_ surface of a beveled scraper ring is sho_<n at (b),

Tlds ri:'_ is also l_-:2ped to full cont_.ct,

A ten,red-face ring le.pped to "line contact" is sho_.m at (o),

The vortical lapping m-_rks are visible ,long the lower edge of the

ring,

These photographs show that the new ri._.s all have bearing

surfaces of very nen.rly the seine ci_-macter, These l%l;plng marks

are not visible to the n:-.ked eye; the surfaces __ve a unlfonl

dull _p ear_nc c,

Photo_r_.phs of the sxle rinc surf._.ces after about II or 12

hours I use are _own in figure 25, Tnc 1._.pping narks are still

clearly visible c.lthough they have becn rubbed do_._ considerably,

The strai_ht-face co_nprcssion ring _.t (a) no_ registers 14 micro-

inches on the profilometer, It is rather interosting to nr_tice

the series of finc horizontal lines on the surfe_ce of this str_Z._-t -

f_.ce rin_, No such lines appear in fls"are 2h(a), the photograph of

the s_u.c a'arf%ce beforc use, and _.ppare:-tly there is no mn.rmer in

which these lines could be p_oduced by piston notion, It would

seam, therefore, that these lines must be tool nn.rks which were

obscured in the photoLr_-:oh of the orixin%l surface by the d_. th

of the lappir_u marks, but _:hich reappec.r as the ridces formed by

lapping wee.r do_m, Similar horizontal lines may be observed on

the "_pper part of the used t_%pered-f-?.ce rir._/ shc_m In figure 25(e),

but these lines do not show on the _?er ?.-.rt of the unused tapered-

face ring shown in fi_-nAre 24(c), If these lines were re-/ly t_ol

marks, they would be ezAoected to show on the u opcr part (tuul_2ed

region) of this surface_ Pcr"_-Os it is possible tlu-.tthese tool

marks (if such they are) do not show t_ "_.tll they have hsd c_.rbon

or ell rubbed into then w.hile ru-_'_ing,
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Photomicrogr_.phs of Piston Rings

PhctonicroLraphs of _cciucn piston riugs _-.rcs::_wn in

fig_lre 26. Fisllre 26(a) shows the unctched mlrf_ce of __n 9uto-

motive piston rinc of the type used in the scuffinc r_uns. The

black :_arks show the LT_phito, inclusions, %rid so forth.

An etched photonlcrogr._.ph of the some ring is shown in (b).

The d_.rk stringers end spots represent GTaphitc, the dead white

nrcas represent c-.rbldc, _-nd the backgrotuud n_terlal is perllte,

The carbide _rczs _.re large and spotty,

Figtu'c 26(c) shows the unctched surface of _%n alrcr-uft ring

of the type used in the rtuu-in tests. The gr_phlto, inclusions,

c.nd so forth seen to bc more pronotunccd in this ring,

FiLuro 26(d) shows -_p!'.oto_:dcrodr_ph of the aircr_.ft t_e

ring surf%co etched. The l_rgo gr_j are,_.s represent Lw-.phlte,

_ud the n_2row white aro-.s represent crrbide, The c_rbido arees

are sn_ll and well distributed, The b_.ckground white r_resonts

ferrite which is evidently nero evenly distributed and present

in l_rgcr proportion th.%n in the e.utonotive ring.

PRECI S IO_I

_7,clic v_ri_.tion in friction work. - T.:rco consecutive fric-

tion cvcies _lere selected from the record token _.t the bej_inni:'x

of _'. 1_%, _ud three consecutive cycles were selccted fro__.the

record t_en at t'_'.cend of run 13A, _ 15A w_.s a 1-hour Fan,

Also, 3 consecutive friction cycles were selected fron e_.ch

of the records t_i:en 9t the begi._uing and end of run 13B I Run 15B
w_s a lO-hour run. These records art showr in fi_ure 14.

The v_.rio.tlon of the friction _or!¢ from cycle to cyclc, -rod

the percent.-J_e v-.riation of each cycle fro:: the e.vcrage of 3 cycles,

is given below,
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Cycle

1
t

Record tshen at be- !

ginni_g of _ 13A I
(1-hour run) 4

1

1
2

3

Record ta/cen at end I !

of 3"m_13,%(i-hour 'i
rim) 3

Record taken at be-

ginning of F.un 133

(10-hour run)

1

2

3

Record taken at end 1

r_m)°fl_u_.1_3 (lO-hour i 32

!
. '

-"-r

Friction

work area

($I. in.)

9.35

9.11

Av. -"9.02

, 7.6_
7.41
7.62

Av. = 7.57

7.75

7.31
7./1

_v. = 7.59

6oDI

6_17

5.92

, 6 03

Percentage

variation

from

average

+3.6
-4.6
+0.3

+1.5
-2.1

+0.6

+2.1

-3.7
+i. 5

-0.i

-_2.1
-2.0

The foregoing data show that the i_el'centageveriation in

friction work from cycle to cycle iz about ±_ percent. Sin_e

the run and the cycles selected rep_rescnted random choices, it

is probably safe _o as._ume t_hat this variation is representative

of all runs. Thereforo, compariso:_s of friction work made on the

basis of single cycles should be valid to within -+J4percent.

Although the precision could have been substsmtially improved

by making compa_'isons on the basis of several cycles, all compari-

sons made in Shis wcrk were based on single cycles, because the

work involved in enlarging, tracing, rnd tr_.nsformlng the records

from their origirm/ coordinates to coordinates _xitable for comput-

ing the friction work was consider_ble (see appendix 3).

Reproducibility of results. - After the completion of r_ns
15A and 15B _!gh-tension, straight-f,_ce rings), it was de_ided to

ropcat rtu_ 13A by wu.y of detcrminir.g how closely the results could
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be duplioated. A new sot of piston rings, having the same diametral

tcnsions, were se!ecto_, a_d the cylindc'_"_s lapped, oil systen
flushed, and so forth, so that at th_ start of the check run the

a_)_r_tus was very n_rly in the same condition as at the stuart of

run i%.

The di_uetr_-_ tension3 of the piston rings measured before
the rv,ns we_'e:

..... Ring numb _.r

I
i

q

13A

Check run

1
i
I 2

5.7o ! 5.s5
I

5.72 1 5._5

I

5.s6 1

5._7

5

9.90 1o.o5 lb.

i 9._6 1 i0.00 ibs

I

Unfortun%tcly the record takQn at the beginning of the check

r_Ln was lent _uc_ to a break, in the film, Ir_t a good record was
obtoined at the cud of the run. _d_ record is shown in figure

27 ,-_idcoz2_rez f_.vo_'_bly_rith th_ record sho_m in fionAre l_(b).

The friction wo'_'kof c_ch of the 5 consecutive cycles shown

in figure 77 ,,as c'c_pctcd an! compared _dth the _,_rk for each of

t'.tecyclo_ shorn in fiI:re l'4(b). Results appear in the follow-

ing table

_jcle

nee

Record taken at

end of run 13A

i e

2

3

Friction

work _,rea

(sq. in.)

7.8_
7.41
7.62

Record taken at end

of chock ru_

Av. = 7.57

1

2

3

7.26

7._2
7.6o

= 7._3



The average friction work for the check run is 1.9 percent

less th_,_nthe av,.ragc frlctlon wor_.:of run 13A. The apparatus,

therefore, yields reproducible results,

Calibrctlon _rrors. - The over-ell sensitivity of the

m-paratus, th_.t is,

force acting on cvllnder sleeve,_ pounds

vertic_l deflection of film trace, inches

w2.s c_etcrmined by removin?, the cylinder head and loading the

sleeve-diaphroEm system with weights :_i_ile recording the dis-

placement of the light spot on a stationary film.

]llrlng the calibration the jacket water was maintained at

l_0 ° F bec_ise this _as the standard J_-2_ket temperature for

_.ll runs. _at change, if m_y, took place in the over-all sen-

sitivlt_ _ of the _@paratus under firing conditions is unknown,

but such c.hange _,as probably small since the di_.phragms were in

no way exposed to cylinder temperatures, and, moreover, the

diaphragms formed the upp,_r -r.d lower surfaces of the water

JacZ_et (see fig. l) throuch which a good circulation was

maintained.

The scuffing runs wc_'e perfcrmed ,,ith sleeve-diaphragm

system no. I, eu(l the total running time for these taLUS was

about 6 hot_rs. A coAibr_tion of this slccvo-diaphra_ system

wrs J_do immediatcl_ _"_tcr these r_ns, and since the diaphragms

were thoroughly "seasoned, " _ving been used at least iOO hours

in prelimina_ _"tans, it w'_.sass:reed ti_t no signific_mt c__mmge

in the c_ibr_tion took place during the brief _eriod of the

scuffing tans.

The calibration c_trve for sleeve-diagram system me. 1 is

shown in fig-are 2_.

In the case ef sleevo-di_-rom system] _o. 2, which was used

in the rt_n-in tests, the eAloerimcntcA _mrk occupied a period of

about 4 months and involved well over 100 hours' running time.

A calibration curve was dctcrmlned before the _tns, _hen the

sleeve and diaphragms were new, r:ad another curve w_-s determined

__fter the titus were completed. A me_nu_m ch__uge Of 5 percent in

the ovcr-o.ll sensitivity _._s noted. An avorage value of over-all

sensitivity ,_.s therefore assumed, giving a calibration error of

• 2_ percent. The calibration c_vcs ere shown in figure 29.
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Personal errors. - Er_-ors ma_e in enlarging the records in a

projector -_x,dtr_.cing the enlarged image T,mnually for the purpose

of constructing work loops should, by the nature of the process,
cane zl out.

Film speed. - The hi_-s_eed film drive was powered by a

1/_-h0rscpo,,er s2u_cha'onous motor which bro1,_t the film drum up to

speed in a fr_ction of a revolution, but as a precaution, the first

few cycles of a record were disoaried, Rc_peated use of this c_Jncra

in m_ny investig2.tions in this laboratory have sho_m that it is

thoroughly reliable and free fron _my significant errors.

Blow-b_neasurez_cnts. - Llo_-by ,as measured by a new precision

bellows-t21,e gas meter which gave readings ,rithin A1/2 percent when

calibrated at the factory. A vol_z_e of 1 cubic foot was indicn.ted

by 1 revolution of a point.-r on a l_rge dlal on the front of the

motor. Although it would have been desirable to t_ke readings

based on 2 or 3 revolutions of t::o pointer, this procedure could

not be followed c_Gccially in the case of the 1-hour runs, bec_ase

the blow-by ',_s so small t_hat the better part of an hour was re-

quired in somc cases for the po__ntcr to com_lete 1 revolution.

Consequently, since blow-by me_.surcm_ts weze desired at the b_gin-

ning _md end of a 1-hnur nan, readings _,'crctaken over 1/2 revolu-

tion of the _ointcr only, but _l",_,'s over the s_o arc.

Ring tensions. - Di_z_ctr_.l ring tensions _oreromeasured with

a precision of :hl percent (see appendix A).

R__ir_;gap clearance. - Gap clc,_r,_mccs in piston rings were

measured by means of _,fcclcr g_gc to the nearest 0.001 inch ,dth

c.n error of approximately +3 pcrccnto

Over-all precision of c_ooriment,_l work. - In view of the

foregoi_ considerations it is believed that 2_n over-all precision

of _4 percent is a reliable figur6 to use in interpreting data

presented horeln.

CO_[CLUS IOES

i. Neither scuffing nor severe detonation at modcr_.te mo_oJ_

effective presstu'e (80 lb per sq ine) increases the friction
work o I

2. Motoring friction work is less than firing friction work.

11n the_z conclusions "friction work" ze_ns that work due to

piston and ring friction only.
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3o The r_tc of wear on c_li_.dcr b_.rrel_, es ne%suredby
i rofiloneter roadiugs, and th_ rate of wear on rings as measured
by _-_ incre_.scs is muchcrc-tcr dv.zirg the first hour of running
t.h_n duri._ the r_.u-ini.ng I0 hoturs of _-nll-hour runn_ingperiods m

_, Durir_ an ll-hour period and _,dt_in the re.nge of vcrin.bles
tc_tcd_

(a) The _lork of friction decrease._steadily with running
tiue, the nest rapid decrease occurring with hiG._-tension,
t_pcrei-f:_c c ri r(Ws,

(b) The <ecroase in friction :mE: with rtuming time is
not due to a decrease in _-in_ %onsion, w_hichrezains esson-.
tially constorero

(c) The decrease in friction _mrk with running time is
undoubtedly duo to the ch?ngo in murfo.cech_.racteristics of
cylinder '_.lls and ri_s's, L_.pocdcylindcr-_211 roughness
fell from 15 :_icroinchcs to I0 L_icvoinchos and lapped-ring
rouikness fell froz 25 to i!_ zicroinches.

(d) in the case of straight-face rings, friction work

is no 6To_.tcr for hICj_-to.usion t._2.nfor lo_.-tension rir_use

(o) In the c_c of t:_.pcrei-f_-.cerings, friction work

is greater for hi_:-tonsion thrn for low-tension ringse

(f) At the end of the rtun-in period (ll hours) tapered-

f_cc rings give s:Inller vnlues of friction york t_mn straight-
face rings_

_No cor._cl_tion -'u_sbcen este.blishod as yet between prefilometor

reodings %ud cylinder wcn r, l_rcovcr the precision of surf-_ce neas-

urc:_cnts in t.his _:ork w_.s poo_'; also the I_ACA ._%s found that c_,_:ngcs

in _cp cle_mancos do not correlate well with weig.ht c.hangcs of piston

rir_s s-nd therefore do not give _. relic.hie indication of wc_.r. The

differences in the r_tcs ucntioncd n.bove, hey,ever, arc of the order

of 5 to l, and s::ould therefore bo of _om( significance,
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55 Photor:.icro_"ra?hsof the st_cturc of coznercial c_.st iron
rings s._'owth_.t the material custon,".ril:: used in aircraft ri';_s

(a) showsnuch larger pcl'ccntagc of ferrite

(b) sho_._snero free ca.'ben

t?m.nthe material customarily used for autonotive rings,

Masscchusctts Institute of Tocl_molo6"Yp

C.--__bridgc, 1,5_.s_o,January 2?, !94_o

"_- Z" APP_IDIX A

DFZCEIPTION OF A_PADATUS FOR MEASURING

DI;@iE%P.IL T_SION OF PISTON RIITGS

A photojre_?h of the _%pperatul _sod to ncasure diametr-_l ring

tension is sho_n_ in fi_-uro 12,

The piston ring ,._-_spl,.ccd bet:.een the _.djust:'.ble shoulder A

and the s!idi_q e2n _, _:e slidi:_7 an_ wr.s connected by me,ms of

t_.m nicccs of steel _dre C to the upDcr end of a sprh_/ b_lance D,

To t_e lower cnd of the spri._ bo/-_cc, a screw E was connected

which, when tightened, trem._.ittcd _. lo_.d to the piston ring, through

the ]:glance, where its na&T_itu_-c could b._ re_d directly,

The correct gzp clearance of the ring w_s detcrnined by placing

the rin,z in _ ring g?4/o, nachinod to the ex_.ct size of the cylinder

bore, a_d measuring the cle_ranco ,<ith a feeler g_e.

The ring w".s then p!accd in ti'e c.ppn.ratus and the zicroneter

zcrcw F tightened until the ring "_-_.scow,pressed to the correct g_

clearance. :_hcn the nicronctcr scrc',_ v_.s in cont%ct with the ver-

tic_l s.hqft G on the slidin_ arm, a circtuit was closed which caused

the _u.-ll l_ H to lig_ht,

The screw E w_s then tlghtcrc& until the l_mp went out, which

indicated that the contact betwc-n t.::c.ulcromctcr screw -__ndsh_It G

_m.s broken, At this point the load on the ring w%s equal to the ring

tension, cm.d the _.cnitudc wc.s re_d on the spr_ng balance.
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Thc plato I _.s used to line up the ring _ccur_tely. The

height of the plate _:us Just eqtu_1 to the radius of the cjlin(icro

_ncn the ring was placed in the cp_o.ratus, c_ore _S taken to ]L_vo

thc gap in line with the top of the plateo The plate also served

to line up the ring parallel to the base of the machine, After

lining up the rir_, the plato _s rcmovcde

The appa_'o.tus _s flexibly mounted in a vcrticnl position,

and s. _uall motor J, with nm _mbnlancod disk on the s._e.ft, w_.s

used to vibrate the c.pp_ratus in order to diminish static frlo_pr_
The no,or was mounted on the b_ck of the apparatus, at the top',_

and does not show to ndvantageo

Rcl_eated ncasurauents on a give1_ ring were in agreement wit._dn

one percent, All values road off the spring bal_mce wore corrected

for the weight of the sliding arn and those parts hanging on the

sliding arm,

APPEL_DIX 3

- COMPUTATION OF __'PICT_IONWORK

In computing friction _,ork from the film records it _.s first

necessary to determine the deSlccti:k: force _cti._ on the cylinder

sleeve, correspondi_ to _.given ordino.te on the film record. Tkie

information wn.s obtained as e:_laincd in the scction on Prccisione

The calibro.tion curves are shown in figures 28 and 29,

In the follo_rlng exposition, only the d_uta pertn lrdn_ to slecvo-

dio.phr_G_ systeJ_ no, 2 will be u_cd.

The overall sensitivity of the o@pargtus is defined as

force acti_ on cylinder sleeve, po_mdsK = F = ...____ __=-- _ ...... _ __ =__ ..............

Df vertlc_l deflection of film trace, inches

From fi_uce 29 the average wlue of K is 390 pc,rods per inche

It is necessary to convert the tint scale on the film to _ dis-

tnmce scale so t.hat the product of the two coordinates will :_vo the

dimensions of work, The records s_m in ,.his report jive the _.rio_

tion of sleeve displacement with tinc durir_ the engine cycloe
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If the time axis (which, at constant film _nd engine speed, is
directly proport4_nal to crank _.nglc) is tranforned to _ive the dis..
t__nceof the piston fr_n top center at any instmnt, then the s_r_n_
tion of the product of the two coordinates is proportions-! to the
friction work,

The tlmc sc_D.eon the film can bc converted into dejrccs crn.rl_
az_le and the corresponding diste.nce of the piston free top center
determined by strcight-forw_rd measurementand computation, but the
proce_.s is laborious, Considerable effort w_.ss_ved by usinj the
M,I,T, transfer n_chine, The tr_.nsfor rm_c_Inois nm-.pp_re.tu_used
in transforninj pressurc-cram_ a_glc indicator diab_re-:_sto pressure..
voltu_c diagr_.us,

A photograph and schauatic di_r_n of the mac.hineare shownin
figures 30 and 31,

Them.%chineconsists essentially of t_,o sliding tables A and B
_hlch arc free to Dove in a .horlzont2.1 direction, The table A is
actuated by the belt C which passes over the drum D and the pulley E,
The t_.blo B is actuated by the disk F _d the co:_mectlngrod G, The
drluu and the disk arc rigidly faztened to the shaft F_, Whenthis
sk_.ft is rote.ted thrcug_ha _'Ivon ._rc, the linear displacement of the
t_.ble I is &ircctly proportlon2.1 to the arc, while the linear di_--
placement of the t_.blo B is directly preportlonal to the linear di._--
pl_.conent of a piston in _.nactual e_Adnc_2.vin_ the s,ne r_.tio of
cremk radius to connecting rod length, This ratio n_-.ybe "_arie& on
thc transfer machine by ch-mginz the effective length of the rod G
by meansof the slot J and the clamp at K,

A pressuro-cr'_nk _ngle di_.gro.:_is placed on t._ble A, anf. aobl_-_
sheet of pn_pcris placed on table B, The "top center '| position for
both t--bles is fixed by pl_.cing the pointer L on the top center line
on the pres_uro-crem/=a.uglo diaG-r_uand moving the t__blc B ._s f_.r to
the right as possible, A cl-u_p M on te_ble A allows t.his t_.b!c to be
novQd independently of the bolt C while making t_his adJustncnte

After the to_les h-vc been lined up on ted center, the irt_ D
is rotated by D__u_!until the pointer L is at bottom center po._itien
on thc pres_uro-cran]= angle diagre.m, _o pointer L is connected to
the stylus N tlurou6h the rod P wl__ichis constrained to zero trans-
versely by the guides Q,

A small olcctric motor R which drives drum D at very slow
speed is then started, As table A moves to the left, the pointer
L is hold on the indicator lilac by the operator, The stylus N
then traces out the cortes#ending prcssuro-vol_ue diagrec_,
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In this transfer process 180° on the crank-angle scale is

transferred to a scale 5 inches lot/; on which the distance of thn

piston from top center is represonto_, In the c%se of indic?.tor

die, rams, this sco!e must be :mltlplied by the area of the piston

to complete the pressure-volume tr_nsfornatlon, but in the c%so of

friction records, cylinder vol_ues _re not necessary, and the tr_qs-

ferred scale c_z be used directlyo

The tr%nsfcr n_chlne acconmod_-.tes a pressure-crank _nclc iu@_[-

c_tor dlagr_u which is 9 inches lo._ for 560 ° of crank rotation,

Thus, in using the machine to transfer friction records, a%ch 360 °

interval nnist bc onl%rgcd to 9 inches, T3is cnlargencut was eff_ctod

by placing the record in a phote_-rapb-%c enl-rgcr o;]d trmclng thc i:_-

_gc on cross-sectlon paper with a pencil,

One en&-ine revolution on the film record is represented by

= -----60Vf inc/_cs
N

where

Vf film speed, inches per second

N engine rpn

The required enlargement of the film rccord is then

In enl%rgi_ the abscissa scale on the film record the ordinate

will be correspondinjly erlarged so that I inch on the onl_mgcd ordi-

nate scale :ill represent K/M pounds per inc._ The ordinate sc-_.le

is not altered on the transfer machine, however,

Two consecutive strokes (1 revolution) of the enlarged friction

record are then placed on the trai_sfer m_c.hlne and conw_rtu6 into a

force-piston-position diagram, The result is sheba in fi6,1ro 32, The

upper diagram rcprose_nts the loop obtained if the two consecutive

strokes happen to be the suction _nd co,-pression strokcs and the lowcr

diagram rcprosents the result obt?.inod if the power and e::h"ust strokes

are taken,
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Since thc stroke of the engine is h,5 inches, I inch on th'

transforncd c.bscissa sc(_lo will represent h.5/5 inches of piston

notion. Hence 1 sqaare inch of the friction work loop rcorcs_m.ts

x-4"h x I foot pounas
X 5 12

if A, represents the aro_ of the friction work loop fo:" thc

power and exhaust strokes nmd A 2 represents the atop. of the fric-

tion work loop fox- the suction _d coupression strokes, then the
friction wo!-k for 1 cycle is

w -,-(At+ -%) x _ x _.5__x _i_
M U 12

and with K " 390 pounds per incL for the case of slecvo-diaphro_Du

syst_J no. 2 _.uda filn speed Vf of 25 inches per second, this
expression becomes

W ---_-.,4970(A! + Am ) ft-lbs n_r_ cycle

The piston friction ucem effectiw-, pressure is dcfi-',odas

fT'!ctJen work of cycle, iu:_'._'-cm_:ds
pfmcp _ .....................-_.....:.........:-.....

piston displacc_cnt, cubic " ' ol:'lOil _S

and is given b,"

pfn_ m ---_- 37.3

-" 15_0 (f_.+ Ae) potulds pcr square inch
4

_flore the f!c_re 37.3 is the piston Cdspl_.cauent in cubic inches,
and the factor 12 couverts foot-pounds to inch--pov_uds

Piston friction ho_'sepowcr is c_'_v_-_.._b:,:

pfhp -- ',¢ x IT/2 = 0,0737 (A1 + A2)
33,000
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It may be pointed out the.t the work loops sho_m in fij_re 32

are _l:_ost, but not completely, closed. This situ__tion obt'dns to

_. cre_.t_r or les_cr decree for all records. The b_:ginni_ emd end

of the friction truce for a given stroke is indicuted by litt!c

circles at the right and left h_nd enls of the loops. Thc right

_nd end of the loops is alw_js closed, of course, bcce.usc the tr_ce

:_s not boon broken here, but when the lower br_nch of the loop is

folded backw:.rd, it does not al_mys nest the beginnins of the upper
branch. T._ds is due to resonant encitation of the sleeve, end gives

a slightly erroneous value for the friction work of 1 revolutiono

In the ca_e of fi_Ire 32 the work nre_.s for both loops :_ould bo

cre-ter tb_n the true work area.

In other cases, however, the t,_obrsmchcs of the loop cross

at the loft l_.nd side, giving a s:n%llcr value of friction work tSmm.

the true value,

On the avere_e there wore about as nsny loops which 6-'ave_d_.

values of friction work as there were loops giving low vnlucs, end

thc maxizun variation, duc both to this cause and cyclic variation,

in operating conditions wn.s_=_ percent (see discussion under Prc-

clsion).
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